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Abstract 

Increasing atmospheric CO2 concentration has led to concerns about global changes to the environment. One area of 

global change that has not been fully addressed is the effect of elevated atmospheric CO2 on agriculture production inputs. 

Elevated CO2 concentration alterations of plant growth and C:N ratios may modify C and N cycling in soil and N fertility. 

This study was conducted to examine the effects of legume, soybean (Glycine max (L.) Merr.), and non-legume, grain 

sorghum (Sorghum bicolor (L.) Moench.) carbon dioxide-enriched agro-ecosystems on N soil fertility in a Blanton loamy 

sand (loamy siliceous, thermic, Grossarenic Paleudults). The study was a split-plot design replicated three times with crop 

species (soybean and grain sorghum) as the main plots and CO2 concentration (ambient and twice ambient) as subplots 

using open top field chambers. Fertilizer application was made with 15N-depleted NH4NO3 to act as a fertilizer tracer. 

Elevated CO2 increased total biomass production in all 3 years of both grain sorghum (average 30%) and soybean (average 

40%). With soybean, while no impact on the plant C:N ratio was observed, the total N content was greatly increased 

(average 29%) due to increased atmospheric N2 fixation with elevated CO2 concentration. With grain sorghum, the total N 

uptake was not affected, but the C:N ratio was markedly increased (average 31%) by elevated CO2. No impact of elevated 

CO2 level was observed for fertilizer N in grain sorghum. The results from this study indicated that while elevated CO2 

may enhance crop production and change N status in plant tissue, changes to soil N fertilizer application practices may not 

be needed. 

# 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

There are continued concerns regarding the increas­

ing level of CO2 in the atmosphere (IPCC, 1996; Giorgi 

et al., 1998) and its potential impact on agriculture 

production and soil resources (Polley, 2002; Soil and 

Water Conservation Society, 2003). The positive 
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response of crops to elevated CO2 is well documented, 

with experimental work showing that high CO2 often 

increases water use efficiency, net photosynthesis, bio­

mass production, and yield (Rogers and Dahlman, 

1993; Rogers et al., 1999; Kimball et al., 2002). These 

direct effects could have important ramifications for 

agricultural production systems. Less research has been 

done to examine the effects of elevated CO2 under field 

conditions, where nutrient availability will be a key 

factor in crop response. The impact on N dynamics is 

especially important, since it has been commonly 
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reported that N concentration is reduced in plants grown 

under elevated CO2 (Cotrufo et al., 1998; Rogers et al., 

1999; Kimball et al., 2002). 

The sustainability of any crop production system 

depends on maintaining adequate soil plant nutrient 

levels. Nitrogen is the nutrient that is most often 

limiting in agro-ecosystems, resulting in fertilizer N 

being the most common and often the most expensive 

fertilizer addition for the production of non-legume 

crops. In the USA, approximately 11.1 million me­

tric t of N were applied to cropland in 1998 (AREI, 

2000). In addition, the symbiotic fixation of atmo­

spheric N2 involving Rhizobium japonicum with 

legume crops is significant because this enhances 

available N in many cropping systems. 

Most N transformations in soil are regulated by 

microbial activity and organic matter content (Hart 

et al., 1993). For example, inorganic N levels are 

regulated by the balance between mineralization 

and immobilization of N in organic matter (Jansson 

and Persson, 1982; Van Miegroet et al., 1992). A 

potential effect of plant growth at elevated CO2 

may be an increased level of organic C in soil impact­

ing N dynamics, including regulation of biological 

activity. Soil N dynamics may also be affected by 

CO2-induced alterations in soil and plant residue C:N 

ratios. For example, changes in the composition of 

litter in a CO2-rich environment may reduce decom­

position rates and limit nutrient cycling in soil 

(Cotrufo et al., 1994; Coûteaux et al., 1991). Recent 

work on plant decomposition indicated that even if 

decomposition rates of plant residue produced under 

CO2 enrichment are not changed, the decomposition 

products of this residue may have a considerable 

impact on soil N dynamics (Torbert et al., 1995). 

Research conducted to examine the effect of ele­

vated CO2 enrichment on plant productivity under 

varying resource limitations has indicated that while 

the absolute magnitude of plant growth is greatest 

under conditions of adequate resources, the relative 

response to elevated CO2 is greatest under environ­

mental stress and resource limitations (Rogers et al., 

1999). Less effort has been spent on examining the 

impact on soil fertility practices and the fate of N 

fertilizer in cropping systems. Nitrogen and P are not 

only the two elements (along with K) that are most 

commonly added in large amounts as fertilizers, but 

they are also the two elements that will most likely be 

impacted by elevated CO2 conditions because they are 

needed in relatively large amounts in the photo-reduc­

tive C cycle and the photo-oxidative cycle in plant 

growth (Rogers et al., 1999). In an examination of the 

potential impacts of the greenhouse effect on agricul­

ture, Rosenzweig and Hillel (1998) indicated that if 

yields were increased by a third (as indicated in 

reviews by Kimball (1983) and Cure and Adcock 

(1986)), then we should expect an increase in fertilizer 

additions. 

The impact of elevated atmospheric CO2 on N 

fertilizer utilization is not only important because of 

its potential impact on crop productivity (and there­

fore the economic stability of agriculture), but also 

because soil fertility and nutrient additions (especially 

N and P) are inextricably linked to environmental 

quality (Sims, 1999). Additionally, N fertilizer utiliza­

tion is a major component in the energy input and CO2 

balance of agriculture production (Schlesinger, 1999). 

Understanding the potential changes in the plant–soil 

interactions with N in crop production under elevated 

CO2 will be critical to the management of N fertilizer 

for both profitable and environmentally sound agri­

cultural systems in the future. 

2. Materials and methods 

This study was conducted in an outdoor soil bin at 

the USDA-ARS National Soil Dynamics Laboratory 

in Auburn, AL (32.68N, 85.58W). The bin was 2 m 

deep, 7 m wide, and 76 m long and was uniformly 

filled with surface soil of a Blanton loamy sand 

(loamy, siliceous, thermic Grossarenic Paleudults). 

The soil bin had been continuously bare fallow for 

over 25 years (Batchelor, 1984). The bottom of the 

bin (2 m depth) was covered with sand and gravel 

and was tile drained. Initial levels of P (8 kg ha-1) and 

K (14 kg ha-1) were in the ‘‘very low’’ range. Cation-

exchange capacity averaged 2.45 cmolc kg-1 and soil 

pH averaged 4.7. The initial level of organic matter 

averaged 5.0 g kg-1 and total N was 0.06 g kg-1. A  

more detailed description of the soil status prior to 

initiation of the study, fertilizer and lime amendments 

during the study, and subsequent soil analysis results 

have been reported previously (Reeves et al., 1994). 

The study was a split-plot design replicated three 

times with main plots of two crop species, and two 
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CO2-exposure regimes as subplots. Soybean ‘Stone­

wall’, and grain sorghum ‘Savannah 5’, were chosen 

as test crops to provide legume and non-legume 

species, respectively, that are widely produced in 

agro-ecosystems. The CO2 exposure regimes were 

open top field chambers (total of 12) at ambient and 

twice ambient atmospheric CO2 concentrations. Sta­

tistical analyses of data were performed using the 

mixed procedure of the Statistical Analysis System 

(Littell et al., 1996). A significance level of P < 0:10 

was established a priori. 

The open top field chambers, 3 m in diameter and 

2.4 m high, are described in detail by Rogers et al. 

(1983b). Carbon dioxide concentrations were continu­

ously monitored using a time-share manifold with 

samples drawn through solenoids to an infrared 

CO2 analyzer1 (LI-COR 6252, LI-COR Inc., Lincoln, 

NE). The atmospheric CO2 concentration in the twice 

ambient chambers were continuously adjusted by 

injection of CO2 into plenum boxes and air dispensed 

into each chamber through the bottom half of each 

chamber cover. The bottom half of the chamber cover 

was double-walled with the inside wall perforated 

with 2.5 cm diameter holes to serve as ducts to dis­

tribute air uniformly into the chamber. The mean 

seasonal daytime CO2 concentrations were 357:4 ± 
0:1 (S.E.) and 705:0 ± 0:3 ml l  -1 in 1992, 364:0 ± 0:2 

and 731:7 ± 0:4 ml l  -1 in 1993 and 359:0 ± 0:1 and 

706:9 ± 0:4 ml l  -1 in 1994, for ambient and enriched 

plots, respectively. 

Soybean and grain sorghum seeds were sown in 6 m 

rows oriented across the width of the soil bin on 2 

June, 5 May, and 6 May in 1992, 1993, and 1994, 

respectively. In 1994, sorghum plots were replanted in 

mid June because the first crop failed owing to root rot 

caused by moist cool soil. Soybean seeds were inocu­

lated with commercial Rhizobium (Lipha Tech Inc., 

Milwaukee, WI) prior to planting. Plants were thinned 

for uniformity to a final density of 30 plants m -2 for 

soybean and 26 plants m -2 for sorghum. 

All plots received ambient rainfall and were irri­

gated only when necessary to prevent drought-induced 

mortality. A drip irrigation system was used to uni­

formly distribute water throughout the bin. Total 

amounts of water received ðrainfall þ irrigationÞ were 

1 Trade names and products are mentioned solely for informa­

tion. No endorsement by the USDA is implied. 

623, 724, and 1001 mm for each respective growing 

season. Weeds were controlled by hand. In the off­

season, weed control was both by hand and by use of 

glyphosate (N-(phosphonomethyl) glycine). For three 

seasons, plants were grown as described above and 

managed using no-till practices. 

To ensure adequate plant establishment, fertilizer N 

was broadcast applied at a rate of 34 kg N ha -1 to both 

the grain sorghum and the soybean shortly after 

planting (4 June 1992, 6 May 1993, and 9 May 

1994). In the grain sorghum, an additional 67 kg N 

ha -1 was applied 30 days after planting (3 July 1992, 7 

June 1993, and 10 June 1994). Fertilizer application 

was made as NH4NO3, with one-half of the chamber 

plot area receiving an application of 15N-depleted 

NH4NO3 containing 0.01 at.% 15N and the other half 

receiving non-labeled NH4NO3 (0.3663 at.% 15N). 

Application of the 15N-depleted fertilizer was alter­

nated to the other half of the chamber plot area in each 

subsequent year of study. 

Plant samples (including roots), were collected at 

physiological maturity in all years for biomass and 

nutrient analyses from the chamber area which 

received application of the 15N-depleted fertilizer that 

year. At harvest, 12 plants in 1992 and 16 plants in 

1993 and 1994 were collected per chamber. Dry 

weights of organ parts were determined after over 

drying to constant weight at 55 8C. In addition, esti­

mates of root system biomass were calculated based 

on retrieval from soil cores (Prior and Rogers, 1992). 

Each year, a final harvest was conducted. Grain 

sorghum heads and soybean pods were removed from 

the plants and processed through a plot combine. Plant 

stalks were cut into approximately 15 cm lengths 

using hedge clippers and uniformly spread over the 

plots. Soybean pod hulls and grain sorghum chaff were 

also added back to the plots. To simulate seed loss 

during combining, 10 wt.% of the seed yield was 

returned to the plots. Following the final harvest, 

chambers were removed but their locations remained 

fixed and delineated by a permanent 3 m aluminum 

ring. Bird netting (1:6 cm  x 1:9 cm opening; Dalen 

Products Inc., Knoxville, TN) was placed over the 

entire soil bin surface to prevent movement of above-

ground residue into or out of the plots. 

Plant samples were oven dried at 55 8C (until 

weight loss was complete) and ground in a Wiley 

mill to pass a 0.44 mm screen. Six soil cores (2.4 cm 
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diameter) were collected from each chamber at har­

vest each year to a depth of 105 cm and bulked by 

depth increments of 0–5, 5–10, 10–15, 15–30, 30–45, 

45–60, 60–75, 75–90, and 90–105 cm. Intact soil 

cores were collected for bulk density determination 

for the same depth increments. Subsamples of the soils 

were dried (55 8C) and ground to pass a 0.15 mm 

sieve. Total C contents of plant and soil samples were 

determined using a Fison NA1500 CN analyzer (Fison 

Instruments Inc., Beverly, MA). Total N content of 

plant and soil samples was determined using a per­

manganate-reduced iron modification of a semimicro-

Kjeldahl method (Bremner and Mulvaney, 1982). 

Distillates of plant and soil were concentrated for 

isotope-ratio analyses, which were performed as 

described by Mulvaney et al. (1990), using an auto­

mated mass spectrometer (Nuclide Model 3-60-RMS; 

Measurement and Analysis Systems, Bellefonte, PA). 

Fertilizer N recovery in grain sorghum and biological 

N2 fixation of soybean were determined through iso­

tope dilution methods (Hauck and Bremner, 1976), 

with grain sorghum used as the non-N2-fixing refer­

ence plant. The term ‘‘fertilizer-N’’ is used to denote N 

added to the plant/soil system through fertilizer N 

application. The term ‘‘fixed-N’’ is used to denote 

plant N derived from biological N2 fixation. The term 

‘‘native soil N’’ is used to denote N from sources other 

than fertilizer N applied. Determination of whole plant 

and residue (root biomass and aboveground bio­

mass-seed) total N uptake and fertilizer N content 

was made by summing N in individual plant parts. 

Nutrient utilization efficiency (unit of biomass pro­

duced per unit of N uptake) and fertilizer N efficiency 

(plant fertilizer N content per fertilizer N applied) 

were calculated. Soil fertilizer N content was obtained 

by summing fertilizer N content at each sampling 

depth. 

3. Results and discussion 

Elevated CO2 has generally been shown to increase 

crop growth. Plant species with both C3 and C4 

photosynthetic pathways exhibit growth stimulation 

due to lowered conductance and increased water use 

efficiency (Rogers et al., 1983a; Prior et al., 1991), but 

because of differences in CO2 utilization during 

photosynthesis, plants with a C3 photosynthetic path­

way often exhibit greater growth response compared 

with plants with C4 pathway (Bowes, 1993; Rogers 

et al., 1997). In this study, both the C3 (soybean) and 

the C4 (grain sorghum) crop species increased growth 

in response to elevated atmospheric CO2 in all years of 

the study (Table 1). As noted in other studies (Kimball 

et al., 2002), the C3 exhibited greater growth response 

compared to the C4 crop, with an increase in total 

biomass production (averaged over all 3 years) of 30% 

for grain sorghum compared to 40% for soybean. A 

more detailed description of the elevated CO2 results 

on biomass allocation in plant organs and root com­

ponents has been reported previously (Prior et al., 

2003). This study examined the impact of this growth 

response from elevated atmospheric CO2 on soil N 

fertility. 

The positive growth response to increased atmo­

spheric CO2 resulted in changes in plant N concentra­

tion and C:N ratio (Table 1), but the response was 

different between the two plant species. With grain 

sorghum in 1994, a significant reduction in N con­

centration was observed under the elevated CO2 treat­

ment compared to the ambient CO2 treatment. In 1992 

and 1993, while means were consistently lower for the 

elevated CO2 treatment, no significant difference was 

observed in N concentration. This is consistent with 

many studies which have found that elevated CO2 

results in reduced N concentration in plant tissue 

(Cotrufo et al., 1998; Prior et al., 1998). However, 

no significant difference (or trend) was observed for 

total N uptake in the grain sorghum plants (Table 2). 

While CO2 treatment did not affect plant C concen­

tration (Table 1), a significant increase in total plant C 

(plant biomass) was observed. The result was a sig­

nificant increase in the C:N ratio of the grain sorghum 

plant tissue (Table 1). This is also consistent with 

many published reports for plants grown under ele­

vated CO2 (Rogers et al., 1999; Hom, 2002). 

Nitrogen utilization efficiency (NUEF) is a measure 

of the plant biomass production per unit N in the 

plant. With grain sorghum, elevated CO2 significantly 

increased biomass production but had no effect on the 

amount of plant N uptake (Table 2). A significant 

increase was seen for the NUEF for grain sorghum 

grown under elevated CO2 (Table 2). The increase in 

NUEF was relatively large, 21–33%, during the 3 

years of study (Table 2). These results agree with 

those reported elsewhere (Fangmeier et al., 1997; 
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Table 1 

Total dry weight, C concentration, N concentration, and C:N ratio of crops grown under ambient (357 ml l  -1) or elevated (750 ml l  -1) 

atmospheric CO2 concentrations in 1992, 1993, and 1994a 

Sorghum Soybean 

Biomass C N C:N Biomass C N C:N 

(kg ha -1) (g kg -1) (g kg -1) (g g -1) (kg ha -1) (g kg -1) (g kg -1) (g g -1) 

1992 

Ambient 9423 a 429.6 a 7.8 a 55.6 a 5756 a 455.4 a 29.4 a 15.5 a 

Elevated 11872 b 443.7 a 6.4 a 70.4 b 8296 b 453.1 a 27.0 b 16.8 a 

Percentage of change 26 3 -18 27 44 -0.5 -8 8 

1993 

Ambient 13254 a 414.8 a 7.7 a 54.1 a 9233 a 442.8 a 26.8 a 16.6 a 

Elevated 16985 b 438.0 a 6.4 a 68.6 b 14086 b 440.3 a 24.2 b 18.2 a 

Percentage of change 28 6 -17 27 53 -0.6 -10 10 

1994 

Ambient 5696 a 435.7 a 9.4 a 42.2 a 9869 a 449.2 a 25.7 a 16.1 a 

Elevated 7677 b 434.9 a 7.0 b 59.0 b 12086 b 448.9 a 24.9 a 16.9 a 

Percentage of change 35 -0.2 -26 40 22 -0.1 -3 5 

Biomass ¼ total above and below ground plant organs; C ¼ carbon concentration in the plant biomass; N ¼ nitrogen concentration in the 

plant biomass; C:N ¼ ratio of C to N in the plant biomass. 
a Values represent means of three replications. Means within a column followed by the same letter do not differ significantly ða ¼ 0:1Þ. 

Prior et al., 1998; Rogers et al., 1999), which suggest was noted for grain sorghum. While this is consistent 

that CO2 enrichment will generally increase NUEF. with several studies which have found that elevated CO2 

With soybean, a significant reduction was observed results in reduced N concentration in plant tissue 

for N concentration in plant tissue for both 1992 and (Cotrufo et al., 1998; Prior et al., 1998), it varied from 

1993 (similar trend was observed in 1994) (Table 1), as results reported by Allen et al. (1988) which reported no 

Table 2 

Fertilizer N content of grain sorghum grown under ambient (357 ml l  -1) or elevated (750 ml l  -1) atmospheric CO2 concentrations in 1992, 

1993, and 1994a 

Plant N Fertilizer N Fertilizer N Total recovered Plant fertilizer N NUEF 

(kg ha -1) plant (kg ha -1) soil (kg ha -1) fertilizer N (kg ha -1) efficiency (g g -1) (g g -1) 

1992 

Ambient 73.0 a 56.5 a 9.7 a 66.1 a 56.0 a 129 a 

Elevated 75.3 a 54.4 a 9.9 a 64.3 a 53.9 a 158 b 

Percentage of change 3 -4 2 -3 -4  22  

1993 

Ambient 102.5 a 50.8 a 8.7 a 59.5 a 50.3 a 130 a 

Elevated 108.9 a 48.6 a 6.7 a 55.3 a 48.2 a 157 b 

Percentage of change 6 -4 -23 -7 -4  21  

1994 

Ambient 53.9 a 45.5 a 22.7 a 68.2 a 45.1 a 108 a 

Elevated 53.8 a 44.3 a 26.3 a 70.6 a 43.9 a 144 b 

Percentage of change -0.2 -3  16  4  -3  33  

Fertilizer N plant ¼ N in plant derived from fertilizer N application as determined through 15N analysis; fertilizer N soil ¼ N in soil derived 

from fertilizer N application as determined through 15N analysis; total recovered fertilizer N ¼ sum of fertilizer N in plant and soil; plant N 

efficiency ¼ plant fertilizer N content per fertilizer N applied; nutrient utilization efficiency ¼ unit of biomass produced per unit of N uptake. 
a Values represent means of three replications. Means within a column followed by the same letter do not differ significantly ða ¼ 0:1Þ. 
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Table 3 

Fertilizer N content of soybean grown under ambient (357 ml l  -1) or elevated (750 ml l  -1) atmospheric CO2 concentrations in 1992, 1993, and 

1994a 

Plant N 

total (kg ha -1) 

Plant N native 

soil (kg ha -1) 

Plant N N2 fixed 

(kg ha -1) 

NUEF 

(g g -1) 

1992 

Ambient 

Elevated 

Percentage of change 

169.2 a 

224.2 b 

32 

23.3 a 

21.4 a 

-8 

145.9 a 

202.8 b 

39  

34 a 

37 a 

9 

1993 

Ambient 

Elevated 

Percentage of change 

247.2 a 

339.3 b 

37 

35.9 a 

33.7 a 

-6 

211.3 a 

305.6 b 

45  

37 a 

41 a 

11  

1994 

Ambient 

Elevated 

Percentage of change 

253.7 a 

301.7 b 

19 

11.5 a 

9.6 a 

-16 

163.5 a 

198.6 b 

21 

39 a 

40 a 

3 

Plant N native soil ¼ N in plant that was derived from the soil as determined through 15N analysis; plant N N2 fixed ¼ N in plant that was 

derived from atmospheric N2 fixation as determined through 15N analysis; nutrient utilization efficiency ¼ unit of biomass produced per unit 

of N uptake. 
a Values represent means of three replications. Means within a column followed by the same letter do not differ significantly ða ¼ 0:1Þ. 

change in plant N concentration over a wide range of 

atmospheric CO2 growing conditions. However, ele­

vated CO2 resulted in a significant increase in N content 

for soybean in all 3 years, ranging from 19 to 37% under 

elevated CO2 compared to ambient CO2 (Table 3). 

Likewise (unlike grain sorghum), elevated CO2 resulted 

in a significant increase in both total C content (bio­

mass) and N content for soybean, which led to no 

significant change in C:N ratio due to CO2 (Table 1). 

These results were consistent with those reported by 

Allen et al. (1988). 

Soybean is a legume with symbiotic N2-fixation 

capabilities involving R. japonicum. Other research 

has reported that high CO2 conditions increased 

legume nodulation and biological N2-fixation by 

legumes (Zanetti et al., 1996; Kimball et al., 2002). 

In this study, isotope dilution methods were used to 

measure the level of N2-fixation by soybeans. The 

measured levels of N2-fixation in soybean were sig­

nificantly higher under elevated CO2 compared to 

ambient CO2 in all 3 years (Table 3). This increase 

in the level of biologically fixed N2 in soybean 

accounts for the increased N levels observed in the 

elevated CO2 treatment compared to ambient CO2. 

For both grain sorghum and soybean, a significant 

increase in residue biomass (root biomass and above-

ground biomass-seed) was observed with elevated 

CO2 during all 3 years of study (Table 4). Residue is 

defined as a measure of plant mass returned to the field 

after grain harvest. The residue that remains is not only 

the material that ultimately controls soil C level (as it 

decomposes), but it also directly impacts the soil N 

fertility (Hart et al., 1993). 

With grain sorghum, the total N in residue was not 

significantly affected by CO2 treatment, but because of 

the increased C content (residue biomass), the C:N 

ratio of the residue was significantly increased with 

elevated CO2 compared to ambient CO2 in 1993 and 

1994 (similar trend in 1992) (Table 4). With soybean, 

much greater levels of total N in the residue were 

returned to the field compared to grain sorghum in all 3 

years (Table 4). A significant increase in residue total 

N was also observed with the elevated CO2 compared 

to ambient CO2 in 1992 and 1993 (Table 4). However, 

because of the increased residue C (residue biomass), 

the C:N ratio of the residue was not significantly 

different between the elevated and ambient CO2 treat­

ments (Table 4). 

Most N transformations in soil are regulated by 

microbial activity and organic matter content (Hart 

et al., 1993). A potential effect of crop growth under 

elevated CO2 conditions may be an increased level of 
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Table 4 

Residue total dry weight, N content, and C:N ratio of crops grown under ambient (357 ml l  -1) or elevated (750 ml l  -1) atmospheric CO2 

concentrations in 1992, 1993, and 1994a 

Sorghum Soybean 

Residue biomass 

(kg ha -1) 

Residue total N 

(kg ha -1) 

Residue C:N 

ratio (g g -1) 

Residue biomass 

(kg ha -1) 

Residue total 

N (kg ha -1) 

Residue C:N 

ratio (g g -1) 

1992 

Ambient 

Elevated 

Percentage of change 

4729 a 

6478 b 

37 

17.8 a 

23.8 a 

34 

116.3 a 

122.8 a 

6 

4321 a 

6153 b 

42 

89.5 a 

104.2 b 

16 

21.7 a 

26.8 a 

24 

1993 

Ambient 

Elevated 

Percentage of change 

7447 a 

10303 b 

38 

28.6 a 

33.0 a 

15 

111.4 a 

136.2 b 

22 

8143 a 

12337 b 

52 

189.7 a 

251.9 b 

33 

18.9 a 

21.1 a 

12 

1994 

Ambient 

Elevated 

Percentage of change 

3190 a 

4384 b 

37 

16.2 a 

16.7 a 

3 

85.4 a 

113.1 b 

32 

7890 a 

9420 b 

19 

148.9 a 

153.0 a 

3 

23.3 a 

27.2 a 

17 

Residue biomass ¼ sum of above ground plant tissue that would return to soil after harvest; residue total N ¼ nitrogen content of the plant 

residue; residue C:N ratio ¼ ratio of C concentration to N concentration in the plant residue. 
a Values represent means of three replications. Means within a column followed by the same letter do not differ significantly ða ¼ 0:1Þ. 

organic carbon in soil which impacts N dynamics, 

including regulation of biological activity. For example, 

Gill et al. (2002) found that net N mineralization was 

decreased as a gradient of atmospheric CO2 was 

increased in a grassland. Incubation studies using plant 

tissue grown under elevated CO2 conditions indicated 

that N mineralization in soil may be reduced (Torbert 

et al., 1995, 1998; Prior et al., 1997). Similarly, soil 

samples taken from this study indicated that potential N 

mineralization could be reduced with elevated CO2 

(Torbert et al., 2001). Because of the economic and 

environmental consequences (both from nutrient bal­

ance and energy expenditures), assessing the impact of 

elevated CO2 on N fertility is important. 

In this study, stable isotopic techniques of 15N were 

used to measure changes in N fertilizer interactions 

in the plant/soil system as affected by elevated CO2 

(Hauck and Bremner, 1976). These methods have been 

successfully used to measure changes in fertilizer N 

utilization as affected by soil water content (Torbert 

et al., 1992), tillage and traffic (Torbert and Reeves, 

1994), and cover crops (Torbert et al., 1996a) in  

similar soils. 

In grain sorghum, no significant effect of CO2 

treatment was observed for any of the fertilizer N 

measurements. No significant effect of CO2 treatment 

was observed for fertilizer N uptake by grain sorghum 

plants in any of the 3 years of this study (Table 2). 

Likewise, no significant effect of CO2 level was 

observed for N fertilizer remaining in the soil profile 

at the end of the growing season (Table 2). Therefore, 

there was no significant effect of CO2 treatment for 

total recovered fertilizer N in the plant/soil system 

(Table 2). Consequently, there was no significant 

effect of CO2 on fertilizer N efficiency for grain 

sorghum (Table 2), despite the 21–33% increase in 

NUEF. Similar results have been reported by Martin-

Olmedo et al. (2002) with additions of 15N enriched N 

fertilizer material to spring barley (Hordeum disticum 

L.). They reported that the overall 15N content of 

plants grown in elevated CO2 were not significantly 

different from plants grown in ambient CO2, indicat­

ing that the difference observed with elevated CO2 was 

due to increased root exploration. Likewise, Bassir­

iRad et al. (1999) using 15N techniques reported that 

elevated CO2 made no significant difference in kinetic 

N uptake in soybean and grain sorghum plant species. 

Similarly, reports by Johnson et al. (2000) using 15N 

techniques indicated that while there was no signifi­

cant difference in the N dynamics from decomposition 

in litter bags containing needles from trees grown 
15Nunder elevated CO2, the natural abundance of 
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was significantly greater with elevated CO2 in both 

live and senesced needles, indicating a shift in uptake 

to different soil N pools. 

The results of this study were consistent with 

research by Conroy et al. (1992) and Rogers et al. 

(1983a) which indicated that the critical N concentra­

tion for plant production (the concentration needed for 

maximum production) was decreased with elevated 

CO2 concentration. In many cases, N sufficiency 

levels are used as a diagnostic tool to examine soil 

fertility conditions (Mills and Jones, 1996). For exam­

ple, efforts have been made to develop plant fertilizer 

N needs based on N concentration in young corn 

plants or on the concentration of nitrate in corn stalks 

(Cerrato and Blackmer, 1991; Binford et al., 1992a,b). 

Changes in plant N concentrations due to elevated 

CO2 may require revision of N fertilizer management 

practices (i.e. recommendations) based on plant N 

concentrations in a future elevated CO2 environment 

(Rogers et al., 1996, 1999). 

Likewise, fertilizer N recommendations are com­

monly based on yield goals of the specific crop to be 

produced. In this study, elevated CO2 significantly 

increased biomass production (Table 1) (including 

grain yield components; Prior et al., 2003), with a 

large increase in the utilization of the available N as 

reflected in the significant increase in crop NUEF 

(Table 2). However, this increased utilization of N 

occurred with no apparent change in fertilizer N 

interactions in the plant/soil system, as reflected by 

the 15N data (Table 2). As with the plant N concentra­

tion, these data indicate that fertilizer N recommenda­

tion based on yield goals may need to be changed in 

the future as CO2 continues to rise. However, there 

was no evidence from this study that fertilizer N 

recommendations, based solely on soil test results, 

need to be altered. While increased additions of some 

nutrients may be needed to achieve the potential one-

third increase in crop yields (Rosenzweig and Hillel, 

1998), data from this study indicate that increased 

levels of N fertilizer may not be needed. 

Clearly in this study, the C and N cycling was 

impacted by elevated CO2 as was discussed in a review 

by Torbert et al. (2000). For example, measurement of 

nitrate levels below the rooting zone in this study 

indicated that nitrate leaching was reduced with ele­

vated CO2 treatment (Torbert et al., 1996b). Also, 

increased levels of soil C due to elevated CO2 was 

observed with both the grain sorghum and the soybean 

(Torbert et al., 1997). While it is apparent from these 

studies that soil N cycling was substantially affected 

by elevated CO2, there was no indication from the 15N 

measurement taken in this study that these changes 

altered N fertility (Table 3). Even with the measured 

reduction of nitrate leaching with elevated CO2 with 

grain sorghum, analysis of soil solution nitrate for 15N 

content indicated that there was no significant differ­

ence in nitrate concentrations originating from ferti­

lizer N application (Torbert et al., 1997). 

The increased amounts of N returned to soil could 

increase the level of nitrate leaching (Goss et al., 

1993). However, this was not observed to be the case 

in measurements of nitrate below the rooting zone in 

this study (Torbert et al., 1997). While the level of 

nitrate moving through the soil profile was increased 

with soybean compared to grain sorghum, a significant 

reduction in nitrate concentration was observed at 

several measuring points during the year for soybean 

grown under elevated CO2 compared to ambient CO2 

(Torbert et al., 1997). 

With soybean, there was a significant increase in 

total plant N content that matched the increase in 

biomass production in all 3 years of the study 

(Table 3). This increase was the result of an increased 

level of atmospheric N2 fixation by soybeans under 
15Nelevated CO2, as measured by techniques 

(Table 3). The increased levels of photosynthate in 

the elevated CO2 plants apparently stimulated the 

symbiotic fixation of atmospheric N2. The increased 

plant N did not result from greater uptake of native soil 

N by soybeans, because no significant difference was 

observed for native soil N uptake in any year of the 

study (Table 3). 

Since both the total biomass and the total N content 

were increased proportionally, unlike the grain sor­

ghum, there was no significant difference in the cal­

culated NUEF for soybean (Table 3). However, not 

only was the level of N produced in the grain sorghum 

increased, but also the level of N returned to the soil 

through crop residue was increased (Table 4). This 

increase could potentially impact the level of native 

soil N that is available to subsequent crops and 

potentially increase soil fertility, but was not observed 

during this 3-year study, as reflected by native plant N 

uptake. On the other hand, no impact of N uptake was 

observed for native soil N uptake during the study, 
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which has been commonly speculated (Strain and 

Bazzaz, 1983). 

4. Conclusions 

Elevated atmospheric CO2 increased total biomass 

production in all 3 years of both grain sorghum 

(average 30%) and soybean (average 40%). This 

increase was reflected in the amount of plant residue 

that was returned after harvest. With soybean, ele­

vated CO2 concentration greatly increased total N 

content (average 29%) of the plant biomass, but no 

impact to the plant C:N ratio was observed. This was 

due to the proportional increase in both atmospheric 

N2 fixation and biomass production by soybean 

under elevated CO2 conditions. With grain sorghum, 

total N uptake was not affected, but the C:N ratio was 

greatly increased (average 31%) by elevated CO2 

concentration. No impact of elevated CO2 concen­

tration was observed for fertilizer N in the plant/soil 

system with grain sorghum. This indicated that 

plants grown under elevated atmospheric CO2 made 

better utilization of available N resources without 

impacting N management. This further suggests that 

future agro-ecosystems may be better adapted to 

limited resources (without limiting plant biomass 

production). The results from this study indicated 

that while crop production may be positively affected 

by increased atmospheric CO2, substantial change in 

N soil fertility practices may not be required in sandy 

soil. However, N fertilizer recommendations based 

on plant N concentrations or yield goals may need to 

be adjusted to reflect changes in crop response 

resulting from increased atmospheric CO2 concen­

tration. 
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Coûteaux, M.M., Mousseayu, M., Célérier, M.L., Bottner, P., 1991. 

Increased atmospheric CO2 and litter quality: decomposition of 

sweet chestnut leaf litter with animal feed webs of different 

complexities. Oikos 61, 54–64. 

Cure, J.D., Adcock, B., 1986. Crop responses to carbon dioxide 

doubling: a literature survey. Agric. For. Meteorol. 38, 127– 

145. 

Fangmeier, A., Gruters, U., Hogy, P., Vermehren, B., Jager, H.J., 

1997. Effect of elevated CO2, nitrogen supply and tropospheric 

ozone on spring wheat. II. Nutrients (N, P, K, S, Ca, Mg, Fe, 

Mn, Zn). Environ. Pollut. 96, 43–59. 

Gill, R.A., Polley, H.W., Johnson, H.B., Anderson, L.J., Maherall, 

H., Jackson, R.B., 2002. Nonlinear grassland responses to past 

and future atmospheric CO2. Nature 417, 279–282. 



56 H.A. Torbert et al. / Field Crops Research 88 (2004) 47–57 

Giorgi, R., Meehl, G.A., Kattenburg, A., Grassl, H., Mitchell, 

J.F.B., Stouffer, R.J., Tokioka, T., Weaver, A.J., Wigley, T.M.L., 

1998. Simulation of regional climate change with global 

coupled climate models and regional modeling techniques. In: 

Watson, R.T., et al. (Eds.), The Regional Impacts of Climate 

Change: An Assessment of Vulnerability. Cambridge Univer­

sity Press, New York, NY, pp. 427–437. 

Goss, M.J., Howse, K.R., Lane, P.W., Christian, D.G., Harris, G.L., 

1993. Losses of nitrate-nitrogen in water draining from under 

autumn-sown crops established by direct drilling or moldboard 

ploughing. J. Soil Sci. 44, 35–48. 

Hart, S.C., Firestone, M.K., Paul, E.A., Smith, J.L., 1993. Flow and 

rate of soil nitrogen in an annual grassland and a young mixed-

conifer forest. Soil Biol. Biochem. 25, 431–442. 

Hauck, R.D., Bremner, J.M., 1976. Use of tracers for soil and 

fertilizer nitrogen research. Adv. Agron. 26, 219–266. 

Hom, J., 2002. Global change and forest soils. In: Kimble, J.M., 

et al. (Eds.), The Potential of US Forest Soils to Sequester 

Carbon and Mitigate the Greenhouse Effect. CRC Press, Boca 

Raton, FL, pp. 127–134. 

IPCC, 1996. Climate change 1995 summary for policy makers and 

technical summary of the working group I report. In: Houghton, 

J.T., et al. (Eds.), Intergovernmental Panel on Climate Change. 

Cambridge University Press, Cambridge, UK. 

Jansson, S.L., Persson, J., 1982. Mineralization and immobilization 

of soil nitrogen. In: Stevenson, F.J., et al. (Eds.), Nitrogen in 

Agricultural Soils. Agronomy Monograph 22. ASA and SSSA, 

Madison, WI, pp. 229–252. 

Johnson, D.W., Cheng, W., Ball, J.T., 2000. Effects of CO2 and N 

fertilization on decomposition and N immobilization in 

ponderosa pine litter. Plant and Soil 224, 115–122. 

Kimball, B.A., 1983. Carbon dioxide and agricultural yield: an 

assemblage and analysis of 430 prior observations. Agron. J. 

75, 779–788. 

Kimball, B.A., Kobayashi, K., Bindi, M., 2002. Response of 

agriculture crops to free-air CO2 enrichment. Adv. Agron. 77, 

293–368. 

Littell, R.C., Milliken, G.A., Stroup, W.W., Wolfinger, R.D., 1996. 

SAS System for Mixed Models. SAS Institute Inc., Cary, NC. 

Martin-Olmedo, P., Rees, R.M., Grace, J., 2002. The influence of 

plants grown under elevated CO2 and N fertilization on soil 

nitrogen dynamics. Global Change Biol. 8, 643–657. 

Mills, H.A., Jones Jr., J.B., 1996. Plant Analysis Handbook. II. A 

Practical Sampling, Preparation, Analysis, and Interpretation 

Guide. MicroMacro Publishing Inc., Athens, GA. 

Mulvaney, R.L., Fohringer, C.L., Bojan, V.J., Michilk, M.M., 

Herzog, L.F., 1990. A commercial system for automated 

nitrogen isotope-ratio analysis by the Rittenberg technique. 

Rev. Sci. Instrum. 61, 897–903. 

Polley, H.W., 2002. Implications of atmospheric and climate 

change for crop yield and water use efficiency. Crop. Sci. 42, 

131–140. 

Prior, S.A., Rogers, H.H., 1992. A portable soil coring system that 

minimizes plot disturbance. Agron. J. 84, 1073–1076. 

Prior, S.A., Torbert, H.A., Runion, G.B., Mullins, G.L., Rogers, 

H.H., Mauney, J.R., 1998. Effects of CO2 enrichment on cotton 

nutrient dynamics. J. Plant Nutr. 21, 1407–1426. 

Prior, S.A., Rogers, H.H., Sionit, N., Patterson, R.P., 1991. Effects 

of elevated atmospheric CO2 on water relations of soya bean. 

Agric. Ecosyst. Environ. 35, 13–25. 

Prior, S.A., Torbert, H.A., Runion, G.B., Rogers, H.H., 2003. 

Implications of elevated CO2-induced changes in agro­

ecosystems productivity. J. Crop Prod. 8 (1/2), 217–244. 

Prior, S.A., Torbert, H.A., Runion, G.B., Rogers, H.H., Wood, 

C.W., Kimball, B.A., LaMorte, R.L., Pinter, P.J., Wall, G.W., 

1997. Free-air carbon dioxide enrichment of wheat: soil carbon 

and nitrogen dynamics. J. Environ. Qual. 26, 1161–1166. 

Reeves, D.W., Rogers, H.H., Prior, S.A., Wood, C.W., Runion, G.B., 

1994. Elevated atmospheric carbon dioxide effects on sorghum 

and soybean nutrient status. J. Plant Nutr. 17, 1939–1954. 

Rogers, G.S., Milham, P.J., Thibaud, M.C., Conroy, J.P., 1996. 

Interactions between rising CO2 concentrations and nitrogen 

supply in cotton. I. Growth and leaf nitrogen concentration. 

Aust. J. Plant Physiol. 23, 119–125. 

Rogers, H.H., Dahlman, R.C., 1993. Crop responses to CO2 

enrichment. Vegetatio 104/105, 117–131. 

Rogers, H.H., Heck, W.W., Heagle, A.S., 1983b. A field technique 

for the study of plant responses to elevated carbon dioxide 

concentrations. Air Pollut. Cont. Assoc. J. 33, 42–44. 

Rogers, H.H., Runion, G.B., Krupa, S.V., Prior, S.A., 1997. Plant 

responses to atmospheric CO2 enrichment: implications in 

root–soil–microbe interactions. In: Allen Jr., L.H., Kirkham, 

M.B., Olszyk, D.M., Whitman, C.E. (Eds.), Advances in 

Carbon Dioxide Effects Research. ASA Special Publication 

No. 61. ASA, CSSA, and SSSA, Madison, WI, pp. 1–34. 

Rogers, H.H., Runion, G.B., Prior, S.A., Torbert, H.A., 1999. 

Response of plants to elevated atmospheric CO2: root growth, 

mineral nutrition, and soil carbon. In: Luo, Y., Mooney, H.A. 

(Eds.), Carbon dioxide and Environmental Stress. Academic 

Press, San Diego, CA, pp. 215–244. 

Rogers, H.H., Bingham, G.E., Cure, J.D., Smith, J.M., Surano, 

K.A., 1983a. Responses of selected plant species to elevated 

carbon dioxide in the field. J. Environ. Qual. 12, 569–574. 

Rosenzweig, R., Hillel, D., 1998. The role of soil resources. In: 

Climate Change and the Global Harvest: Potential Impacts of 

the Greenhouse Effect on Agriculture. Oxford University Press, 

New York, NY, pp. 123–283. 

Schlesinger, W.H., 1999. Carbon sequestration in soils. Science 

284, 2095. 

Sims, T., 1999. Soil fertility evaluation. In: Summer, M.E. (Ed.), 

Handbook of Soil Science. CRC Press, Boca Raton, FL, pp. D­

113–D-153. 

Soil and Water Conservation Society, 2003. Conservation Implica­

tions of Climate Change: Soil Erosion and Runoff from Crop 

Land. Soil and Water Conservation Society, Ankeny, IA. 

Strain, B.R., Bazzaz, F.A., 1983. Terrestrial plant communities. In: 

Lemon, E.R. (Ed.), CO2 and Plants. Westview Press, Boulder, 

CO, pp. 177–222. 

Torbert, H.A., Reeves, D.W., 1994. Fertilizer nitrogen requirements 

for cotton production as affected by tillage and traffic. Soil Sci. 

Soc. Am. J. 58, 1416–1423. 

Torbert, H.A., Prior, S.A., Rogers, H.H., 1995. Elevated atmo­

spheric carbon dioxide effects on cotton plant residue 

decomposition. Soil Sci. Soc. Am. J. 59, 1321–1328. 



57 H.A. Torbert et al. / Field Crops Research 88 (2004) 47–57 

Torbert, H.A., Prior, S.A., Rogers, H.H., 2001. Effect of elevated 

CO2 and temperature on soil C and N cycling. In: Rees, R.M., 

Ball, B.C., Campbell, C.D., Watson, C.A. (Eds.), Sustainable 

Management of Soil Organic Matter. CAB International, 

Wallingford, UK, pp. 309–315. 

Torbert, H.A., Reeves, D.W., Mulvaney, R.L., 1996a. Winter 

legume cover crop benefits to corn: rotation vs. fixed-N effects. 

Agron. J. 88, 527–535. 

Torbert, H.A., Mulvaney, R.L., Vanden Heuvel, R.M., Hoeft, R.G., 

1992. Soil type and moisture regime effects on fertilizer effici­

ency calculation methods in a nitrogen-15 tracer study. Agron. J. 

84, 66–70. 

Torbert, H.A., Prior, S.A., Rogers, H.H., Runion, G.B., 1998. Crop 

residue decomposition as affected by growth under elevated 

atmospheric CO2. Soil Sci. 163, 412–419. 

Torbert, H.A., Prior, S.A., Rogers, H.H., Wood, C.W., 2000. 

Review of elevated atmospheric CO2 effects on agro-ecosys­

tems: residue decomposition processes and soil C storage. Plant 

and Soil 224, 59–73. 

Torbert, H.A., Rogers, H.H., Prior, S.A., Schlesinger, W.H., 

Runion, G.B., 1997. Effects of elevated atmospheric CO2 in 

agro-ecosystems on soil carbon storage. Global Change Biol. 3, 

513–521. 

Torbert, H.A., Prior, S.A., Rogers, H.H., Schlesinger, W.H., 

Mullins, G.L., Runion, G.B., 1996b. Elevated atmospheric 

carbon dioxide in agro-ecosystems affects groundwater quality. 

J. Environ. Qual. 25, 720–726. 

Van Miegroet, H., Homann, P.S., Cole, D.W., 1992. Soil nitrogen 

dynamics following harvesting and conversion of red alder 

and Douglas fir stands. Soil Sci. Soc. Am. J. 56, 1311– 

1318. 

Zanetti, S., Hartwig, U.A., Luscher, A., Hebeisen, T., Frehner, M., 

Fischer, B.U., Hendrey, G.R., Blum, H., Nosberger, J., 1996. 

Stimulation of symbiotic N2 fixation in Trifolium repens L. 

under elevated atmospheric CO2 in a grassland ecosystem. 

Plant Physiol. 112, 575–583. 


	Elevated atmospheric CO2 effects on N fertilization in grain sorghum and soybean
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


